Norovirus is a major cause of acute non-bacterial gastroenteritis in humans, and genetically and antigenically diverse strains have been isolated worldwide ([@B1]). Norovirus is one of the positive-sense single-stranded RNA viruses and belongs to the family *Caliciviridae*. The norovirus genome is ∼7.7 kb in length with a poly(A) tail at its 3′-end. VPg, a genome-linked viral protein is believed to be bound to the 5′-end in place of the cap structure ([@B4]).

The genome encodes three open-reading frames (ORFs). The ORF1 product is a polyprotein and is cleaved by its viral 3C-like protease activity into six non-structural proteins, which include 2C-like nucleotide triphosphatase (NTPase), 3B VPg and 3D RNA-dependent RNA polymerase, in addition to 3C-like protease ([@B5], [@B6]). The nomenclature is based on that for picornaviruses. The ORF2 and ORF3 products are a major and a minor structural protein (VP1 and VP2), respectively. The norovirus virion consists of 180 VP1 molecules. The sequence diversity of the P2 domain of VP1 correlates with a wide variety of the antigenicity of noroviruses ([@B7]) and potentially provides different patterns of binding to histo-blood group antigens ([@B10]).

Norovirus 3C-like protease is a central enzyme that is solely responsible for the maturation of norovirus ORF1 polyprotein ([@B5], [@B6]). The 3C-like proteases of various strains isolated from humans share high amino acid identity and have significant similarity with those of other caliciviruses. Norovirus 3C-like protease is thought to be a potent target of medication for the treatment of norovirus diarrhoea.

Our previous extensive mutagenesis study for a 3C-like protease of the Chiba strain revealed that His30 and Cys139 were responsible for the proteolysis, the former being estimated as the general base and the latter the nucleophile in the catalytic centre ([@B11]). This was clearly revealed by the X-ray crystal structure at 2.8 Å resolution, which showed that the norovirus 3C-like protease had the chymotrypsin-like fold ([@B12]). The crystal structure also suggested that Glu54, as the third member carboxylate that interacted with His30, was involved in the catalysis just like typical chymotrypsin-like serine proteases ([@B12]). It is suggested that the mechanism of the proteolysis by the norovirus 3C-like protease was identical to that of chymotrypsin; that is, the thiol of Cys139 attacks against a carbonyl carbon of the substrate, followed by protonation of the imidazole ring of His30 by the proton released from the thiol of Cys139. A negatively charged carboxylate of Glu54 interacts with and stabilizes the imidazole ring of His30. However, we had concluded that Glu54 was not essential for the activity because the Glu54-to-Ala mutant protease retained protease activity comparable to that of the wild-type enzyme ([@B11]). Independently, Zeitler *et al.* ([@B13]) resolved the crystal structure of Norwalk virus 3C-like protease at 1.5 Å resolution and insisted that Glu54 was a necessary component for the proteolysis. These controversial conclusions may have arisen from the difference in the methods used to assay the protease activity. Namely, we observed the cleavage of fusion proteins including the protease moiety expressed in *Escherichia coli* cells ([@B11]), while Zeitler *et al.* ([@B13]) used a fluorogenic peptide substrate to assess the activity. The former method may have reflected the proteolytic activity at the steady state, while the latter reflected the initial rate of the cleavage reaction. Therefore, it is possible that the mutation of Glu54 affects the turnover rate of the protease.

Here we focused on biochemistry of the norovirus 3C-like protease and performed site-saturation mutagenesis of the Glu54 residue of the 3C-like protease to determine what kind of side chain at position 54 is required for the proteolytic activity. For this purpose, we first observed the level of the proteolysis exerted by the 3C-like protease in *E. coli* cells. In addition, the proteolytic activities of some mutant 3C-like proteases were assayed using a fluorogenic peptide including the sequence between 2C NTPase and 3A-like protein of Chiba virus. From the results of these two assays, we concluded that the Glu54 residue was not essential for the protease activity, although it was important for the efficient proteolysis.

MATERIALS AND METHODS
=====================

Escherichia coli Strains
------------------------

The JM109 and HST02 strains (Takara Bio, Inc., Tokyo, Japan) were used for plasmid construction. The BL21-CodonPlus(DE3)-RIPL strain (Stratagene, La Jolla, CA, USA) was used for the expression of the recombinant proteins.

Construction of Bacterial Expression Plasmids
---------------------------------------------

We constructed an expression plasmid, pGEX-2TK-3aBC, encoding a glutathione *S*-transferase (GST) fusion protein to part of the ORF1 polyprotein from the norovirus Chiba strain ([@B14]) ([Fig. 1](#F1){ref-type="fig"}). DNA fragments were amplified by Vent DNA polymerase (NEB, Ipswich, MA, USA) with 3A2813-5Bam and Pro-3X primers ([Table 1](#T1){ref-type="table"}) using pUCCVORF1 ([@B15]) encoding the entire ORF1 as a template. Amplified DNA fragments, which encoded the C-terminal 22 amino acids of the 3A-like region plus the entire 3B VPg and 3C region, were digested with *Bam*HI and *Sma*I restriction enzymes and cloned into the corresponding sites of pGEX-2TK (GE Healthcare, Piscataway, NJ, USA). Since the GST fusion protein contains the 3A/3B and 3B/3C cleavage sites, it should be cleaved into three proteins, GST-3a, 3B VPg and 3C-like protease, when *E. coli* cells were transformed with the wild-type plasmid ([Fig. 1](#F1){ref-type="fig"}).

![**Construction of an expression plasmid, pGEX-2TK-3aBC.** The gene fragments encoding the C-terminal 22 amino acid residues of 3A and the entire 3B VPg and 3C-like protease were amplified by PCR as described in the MATERIALS AND METHODS section and fused in-frame to the GST gene of the pGEX-2TK vector. The fusion protein, GST-3aBC, has two 3C-like protease recognition sites (SE/GK and FE/AP). The calculated molecular weight of the parental protein and possible intermediates along with the final products are shown.](mvn130f1){#F1}

###### 

Oligonucleotide primers used for PCR amplification and site-directed mutagenesis.

  Primer        Sequence[^a^](#TF1){ref-type="table-fn"}                      Polarity     Related codon change                                               Restriction site
  ------------- ------------------------------------------------------------- ------------ ------------------------------------------------------------------ ------------------
  3A2813-5Bam   5′-AGTAT[GGATCC]{.ul}TGTGAGACTGAGGAGGAA GGCACCAGCGA-3′        Sense        \-                                                                 *Bam*HI
  Pro-3X        5′-GGCC[CCCGGG]{.ul}CTATTACTCTAGGGTGGTTT CACCTTCCCCAGCC-3′    Anti-sense   Stop codons (TAA and TAG) were added after GAG codon for Glu181.   *Sma*I
  Pro3454-3Nr   5′-TCACCAGCACGATGGA[TCGCGA]{.ul}TAGATTC AATGGGCTCCCCAAAG-3′   Anti-sense   \-                                                                 *Nru*I
  E54A-5Nr      5′-ATCTA[TCGCGA]{.ul}TCCATCGTGCTGGTGCCTT TACACAATTCAGGTT-3′   Sense        GAA to GCC                                                         *Nru*I
  E54D-5Nr      5′-ATCTA[TCGCGA]{.ul}TCCATCGTGCTGGTGATTT TACACAATTCAGGTT-3′   Sense        GAA to GAT                                                         *Nru*I
  E54Q-1        5′-GCAATCCATCGTGC[TGGCCA]{.ul}ATTTACACAAT TCAGG-3′            Sense        GAA to CAA                                                         *Msc*I
  E54Q-2        5′-CCTGAATTGTGTAAAT[TGGCCA]{.ul}GCACGATGG ATTGC-3′            Anti-sense                                                                      
  E54C-PSF      5′-GT[GCCGGC]{.ul}TGTTTTACACAATTCAGGTTTT-3′                   Sense        GAA to TGT                                                         *Nae*I
  E54C-PSR      5′-TAAAACA[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54F-PSF      5′-GT[GCCGGC]{.ul}TTTTTTACACAATTCAGGTTTT-3′                   Sense        GAA to TTT                                                         *Nae*I
  E54F-PSR      5′-TAAAAAA[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54G-PSF      5′-GT[GCCGGC]{.ul}GGCTTTACACAATTCAGGTTTT-3′                   Sense        GAA to GGC                                                         *Nae*I
  E54G-PSR      5′-TAAAGCC[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54H-PSF      5′-GTGC[TGGCCA]{.ul}TTTTACACAATTCAGGTTTT-3′                   Sense        GAA to CAT                                                         *Msc*I
  E54H-PSR      5′-TAAAA[TGGCCA]{.ul}GCACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54I-PSF      5′-GT[GCCGGC]{.ul}ATTTTTACACAATTCAGGTTTT-3′                   Sense        GAA to ATT                                                         *Nae*I
  E54I-PSR      5′-TAAAAAT[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Antisense                                                                       
  E54K-PSF      5′-GT[GCCGGC]{.ul}AAATTTACACAATTCAGGTTTT-3′                   Sense        GAA to AAA                                                         *Nae*I
  E54K-PSR      5′-TAAATTT[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54L-PSF      5′-GTGC[AGGCCT]{.ul}CTTTACACAATTCAGGTTTT-3′                   Sense        GAA to CTC                                                         *Aat*I
  E54L-PSR      5′-TAAAG[AGGCCT]{.ul}GCACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54M-PSF      5′-GT[GCCGGC]{.ul}ATGTTTACACAATTCAGGTTTT-3′                   Sense        GAA to ATG                                                         *Nae*I
  E54M-PSR      5′-TAAACAT[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Antisense                                                                       
  E54N-PSF      5′-GT[GCCGGC]{.ul}AACTTTACACAATTCAGGTTTT-3′                   Sense        GAA to AAC                                                         *Nae*I
  E54N-PSR      5′-TAAAGTT[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54P-PSF      5′-GTGC[GGGCCC]{.ul}GTTTACACAATTCAGGTTTT-3′                   Sense        GAA to CCG                                                         *Apa*I
  E54P-PSR      5′-TAAAC[GGGCCC]{.ul}GCACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54R-PSF      5′-GT[GCCGGC]{.ul}CGCTTTACACAATTCAGGTTTT-3′                   Sense        GAA to CGC                                                         *Nae*I
  E54R-PSR      5′-TAAAGCG[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54S-PSF      5′-GTGCTGG[AAGCTT]{.ul}TACACAATTCAGGTTTT-3′                   Sense        GAA to AGC                                                         *Hin*dIII
  E54S-PSR      5′-TA[AAGCTT]{.ul}CCAGCACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54T-PSF      5′-GTGCT[GGTACC]{.ul}TTTACACAATTCAGGTTTT-3′                   Sense        GAA to ACC                                                         *Kpn*I
  E54T-PSR      5′-TAAA[GGTACC]{.ul}AGCACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54V-PSF      5′-GT[GCCGGC]{.ul}GTATTTACACAATTCAGGTTTT-3′                   Sense        GAA to GTA                                                         *Nae*I
  E54V-PSR      5′-TAAATAC[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Antisense                                                                       
  E54W-PSF      5′-GT[GCCGGC]{.ul}TGGTTTACACAATTCAGGTTTT-3′                   Sense        GAA to TGG                                                         *Nae*I
  E54W-PSR      5′-TAAACCA[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Anti-sense                                                                      
  E54Y-PSF      5′-GT[GCCGGC]{.ul}TATTTTACACAATTCAGGTTTT-3′                   Sense        GAA to TAT                                                         *Nae*I
  E54Y-PSR      5′-TAAAATA[GCCGGC]{.ul}ACGATGGATTGCTATAG-3′                   Anti-sense                                                                      

^a^Underlines indicate the restriction sites.

Mutations of Glu54 were introduced into pGEX-2TK-3aBC, and the resultant plasmid was designated pGEX-2TK-3aBC-E54X (X is an introduced amino acid, which is written by one-letter code). The mutagenic primers are listed in [Table 1](#T1){ref-type="table"}. For the E54A and E54D mutations, the *Bam*HI--*Nru*I digests of DNA fragments that were amplified with 3A2813-5Bam and Pro3454-3Nr primers, and the *Nru*I--*Sma*I digests of DNA fragments that were amplified with E54A-5Nr or E54D-5Nr and Pro-3X primers were cloned into pGEX-2TK. The E54Q mutation was introduced into pGEX-2TK-3aBC with E54Q-1 and E54Q-2 primers using a QuikChange II Site-Directed Mutagenesis kit (Stratagene). For the other 16 kinds of mutation, PrimeSTAR Max DNA polymerase (Takara Bio, Inc.) was used. All mutations were first detected by restriction analysis and verified by DNA sequencing. No unexpected mutations were introduced. As for pGEX-2TK-3aBC-C139A, the *Eco*RI--*Sma*I fragments from pUCHis3BC-C139A ([@B11]) were exchanged with the corresponding region of pGEX-2TK-3aBC.

pGEX-2TK-3aBC-C139S was constructed by transferring the *Eco*RI--*Sma*I fragments from pUCHis3BC-C139S ([@B11]) to the corresponding region of pGEX-2TK-3aBC. The Glu54 mutations were introduced to pGEX-2TK-3aBC-C139S by transferring the *Sac*I--*Kpn*I fragments from the respective pGEX-2TK-3aBC-E54X plasmid, resulting in the construction of a series of pGEX-2TK-3aBC-E54X,C139S plasmids.

For the *in vitro* assays of the protease activity, pGEX-2TK-Pro was constructed by ligating the *Nsp*V--*Ehe*I fragment from pUCGST2TK-Pro ([@B15]) to the *Nsp*V--*Sma*I fragment of pGEX-6P-2 (GE Healthcare). Although a backbone of pGEX-2TK-Pro constructed in this study is that of pGEX-6P-2 vector, there is a thrombin site between GST and the 3C-like protease, but not a PreScission protease site. The *Eco*RI--*Sal*I fragments from mutant pGEX-2TK-3aBC plasmids which contained mutations of Glu54 and/or Cys139 were transferred to pGEX-2TK-Pro, resulting in mutant pGEX-2TK-Pro plasmids.

Expression of the Recombinant Proteins in E. coli Cells and Preparation of Cell Lysate
--------------------------------------------------------------------------------------

*Escherichia coli* BL21-CodonPlus(DE3)-RIPL cells were transformed with each of the pGEX-2TK-3aBC plasmids and grown on 4 ml of MagicMedia *E. coli* Expression Medium (Invitrogen, Carlsbad, CA, USA) at 37°C for 24 h. Cells were harvested and resuspended in 600 µl of PBS containing 1.0% Triton X-100. A one-half volume of glass beads (0.1 mm diameter) was added to the cell suspension, followed by vigorous vortexing for 3 min. After centrifugation at 15,000 *g* for 10 min, the supernatant was transferred to a new tube. Proteins were determined with a BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA) using BSA as a standard.

SDS--PAGE Analysis of Extracted Proteins
----------------------------------------

Extracted proteins were separated by SDS--PAGE, followed by staining with Coomassie Brilliant Blue R-250 or western blotting with rabbit polyclonal anti-GST (Abcam, Cambridge, MA, USA), anti-VPg ([@B15]) or anti-protease ([@B15]) antibodies. Alkaline phosphatase- or horseradish peroxidase-conjugated anti-rabbit IgG (Rockland, Gilbertsville, PA, USA) was used as a secondary antibody, and chemiluminescence developed with Immobilon Western reagents (Millipore, Billerica, MA, USA) was measured by an LAS-3000 Lumino-Image Analyser (Fujifilm, Tokyo, Japan).

GST Binding Assay
-----------------

Cell extract containing 1 mg of protein was applied to a Glutathione Sepharose 4B MicroSpin column (GE Healthcare), followed by low-speed centrifugation (735 *g*) for 1 min. Glutathion-resin-bound proteins were eluted with 100 µl of 50 mM Tris--HCl (pH 8.0) buffer containing 10 mM reduced glutathione. A portion (5 µl) of the eluates was analysed by SDS--PAGE.

Purification of GST-2TK-Pro Fusion Proteins and Assay of the Protease Activity
------------------------------------------------------------------------------

*Escherichia coli* BL21-CodonPlus(DE3)-RIPL cells harboring each of the pGEX-2TK-Pro plasmids were grown on MagicMedia *E. coli* Expression Medium at 37°C for 24 h. Proteins were extracted as described above. The GST-2TK-Pro fusion proteins were purified by passing the cell extracts through the Glutathione-Sepharose 4 Fast Flow resin (GE Healthcare). For assays of the protease activity, fluorogenic peptides were synthesized by Peptide Institute, Inc. (Osaka, Japan). The sequence of the peptides is NMA-Glu-Phe-Gln-Met-Gln-Gly-Gln-Val-Lys(DNP)-D-Arg-D-Arg, which includes the sequence between 2C and 3A proteins of Chiba virus. The fluorescence of NMA (2-(*N*-methylamino)benzoyl) moiety, which is quenched by DNP (2,4-dinitrophenyl) moiety when undigested, increases when the peptide bond between Gln and Gly is cleaved by the 3C-like protease. The fluorescence was monitored with the Hitachi F-7000 Fluorescence Spectrophotometer (Tokyo, Japan) (excitation wavelength, 340 nm; emission wavelength, 440 nm). The protease activity was assayed in 300 µl of 20 mM Bis-Tris-Propane--HCl (pH 8.0) buffer containing 5 µM purified GST-2TK-Pro proteins and 10 µM fluorogenic peptides at 37°C. For determination of the kinetic constants, assays were performed in 300 µl of 20 mM Bis-Tris-Propane--HCl (pH 8.0) buffer containing 2 µM purified GST-2TK-Pro proteins and various concentrations (5, 10, 20, 40 or 70 µM) of fluorogenic peptides at 37°C. The peptides were dissolved in DMSO and stored at −30°C. The stock solution of the peptides was added in the assay mixture so that the final concentration of DMSO was below 1%. To calculate the amount of the cleaved substrates, the fluorescence intensity of the reference compound mixture \[NMA-labelled FRETS-25-STD1 and DNP-labelled FRETS-25-STD2 (Peptide Institute, Inc.)\] at each concentration (5, 10, 20, 40 or 70 µM) was measured and compared with the amount of change in the fluorescence accompanied by enzyme reaction. The kinetic constants were calculated by plotting the initial rate of the proteolysis versus the concentration of peptides.

RESULTS AND DISCUSSION
======================

Effect of the Mutation of Glu54
-------------------------------

As shown in [Fig. 2](#F2){ref-type="fig"}A, the GST-3aBC fusion protein including the wild-type 3C-like protease derived from pGEX-2TK-3aBC was cleaved into GST-3a, 3B VPg and the 3C-like protease in *E. coli* cells without any trace of non-cleaved protein or intermediates, indicating that the 3C-like protease was fully active in *E. coli* cells. On the other hand, the C139A mutant protein was not cleaved at all, indicating that the Ala mutation of the Cys139 nucleophile inactivated the enzyme completely, as shown previously ([@B11], [@B15]).

![**Effects of the Glu54 mutations.** (A) Cell lysate (15 µg of proteins) from *E. coli* cells harboring each of the mutant plasmids was subjected to SDS--PAGE, followed by Coomassie Brilliant Blue staining. The bands corresponding to proteins derived from the expression plasmid are indicated. In the SDS--PAGE system used, the 3B VPg protein and the 3C-like protease migrated to around 19 kDa and 17 kDa, respectively. These migrations were confirmed by western blot analysis with the respective antibody ([Fig. 3](#F3){ref-type="fig"}). (B) The GST binding assay was carried out as described in the MATERIALS AND METHODS section. The GST-tagged proteins were also analysed by western blotting with anti-GST antibody (data not shown).](mvn130f2){#F2}

We had previously concluded that Glu54 was not essential for the protease activity since the E54A mutation did not affect the activity ([@B11]). This identical mutation was introduced into pGEX-2TK-3aBC and the E54A mutant proteins were expressed. Again, as shown in [Fig. 2](#F2){ref-type="fig"}A, the E54A mutation did not affect the cleavage. Furthermore, it was surprising that most of the Glu54 mutants retained the significant proteolytic activity as judged by the expression in *E. coli* cells ([Fig. 2](#F2){ref-type="fig"}A). Based mainly on the results of the GST binding assay, the effects of the mutations could be roughly grouped into five categories ([Fig. 2](#F2){ref-type="fig"}B): (i) mutations that gave a level of activity comparable to that of the wild-type, which consisted of Ala, Cys, Asp, Gly, Gln and Ser; (ii) mutations that affected the activity slightly and left a small amount of the GST-3aB intermediate, which consisted of His, Met and Asn; (iii) mutation that markedly affected the activity and resulted in very small amounts of the GST-3aB intermediate and GST-3a, which consisted of Trp; (iv) mutations that affected the processing of the GST-3aB intermediate to GST-3a and 3B VPg, which consisted of Ile, Leu and Pro; and (v) mutations that inactivated the enzyme completely, which consisted of Phe, Lys, Arg, Thr, Val and Tyr. The results of the GST binding assay were essentially the same as those of western blotting with anti-GST antibody (data not shown).

The E54D mutant, which had a shorter carboxylate than a glutamate, and the E54Q mutant, which had the neutral amide version of a glutamate, exhibited the wild-type protease activity, although a faint band of the GST-3aB intermediate was observed for the E54Q mutant ([Fig. 3](#F3){ref-type="fig"}A). The E54N mutant, which had the neutral amide version of an aspartate, also showed relatively high activity with the GST-3aB intermediate remaining ([Fig. 3](#F3){ref-type="fig"}A). These results indicate that the ability to form a hydrogen bond with His30 is important for the amino acid at position 54, rather than the negative charge. In contrast, as shown in the previous paper ([@B11]), the E54A mutant also retained high activity comparable to that of the wild-type, although only small amounts of the GST-3aB, 3BC intermediate and parental GST-3aBC protein were detected ([Fig. 3](#F3){ref-type="fig"}A). Moreover, the E54C, E54G and E54S mutants, having a small amino acid residue at position 54, exhibited the wild-type activity (western blot data not shown). In these small amino acid mutants, it is possible that a water molecule is located between His30 and the side chain of the amino acid at position 54 and interacts with the imidazole ring of His30. This idea would be supported by the fact that a water molecule interacts with His41 corresponding to His30 of norovirus proteases since the coronavirus main protease (3C-like protease) possesses Val84 at a position equivalent to Glu54 of norovirus proteases ([@B16]).

![**Western blot analysis of the Glu54 mutants.** Cell lysate (10 µg of protein) was separated by SDS--PAGE, followed by electroblotting. Proteins were detected by anti-VPg (A) or anti-protease (B) antibodies ([@B15]). Faint bands which are not indicated with arrows are non-specific. As described in the text, the 3B VPg proteins (∼19 kDa) from the wild-type (WT), E54A, E54D, E54Q, E54H and E54N fusions were clearly detected, whereas the amount of the 3B VPg proteins produced from the E54I, E54L and E54P fusions were extremely low (A). This is in marked contrast with the production of the 3C-like protease (B).](mvn130f3){#F3}

On the other hand, to our surprise, the E54T mutant showed no activity. A threonine residue has only an additional methyl residue at the Cβ atom, compared to a serine residue. The E54V mutant also had no protease activity. The side chain of a valine residue is similar to that to a threonine residue, except that a methyl group is substituted for a hydroxyl group. As long as we consider the results of these two mutants, we could assume that the amino acid that had two substituent groups at the Cβ atom was inhibitory for exerting the proteolysis.

However, the E54I mutant showed a significant protease activity, although an isoleucine had two substituent groups (methyl and ethyl) at the Cβ atom and was bigger than a valine. Also, both the E54L mutant (a leucine has a side chain with the same volume as an isoleucine, but a methyl is attached to the Cγ atom.) and the E54P mutant showed the activity similar to that of the E54I mutant. It is notable that the activity of these three mutants was limited because the fused parental GST-3aBC was cleaved into GST-3aB and 3C-like protease, but the GST-3aB intermediate was very rarely cleaved into GST-3a and 3B VPg ([Figs 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). These results indicate that the 3C-like protease having E54I, E54L or E54P mutation is active in the precursor form, but is almost inactive in the mature form. It is interesting that no 3BC intermediate was produced for these three mutants ([Fig. 3](#F3){ref-type="fig"}). These results suggest that the 3B/3C cleavage precedes the 3A/3B cleavage, and that the precursor form might be subtly different from the mature form of the 3C-like protease, at least at its catalytic centre. After cleavage, the conformation of the E54I, E54L or E54P protease might be locked, so that the proteases no longer exert the catalysis, although the precise mechanism is unknown. There is another possibility, namely, that the residue at position 54 is involved in or affects substrate recognition. However, this seems rather unlikely, since Glu54 is far from the substrate according to the model of substrate binding to the 3C-like protease ([@B12]).

A novel phenomenon was observed for E54I, E54L and E54P mutants, and was not seen in the E54A mutant (as described above) or the E54W mutant (as described below). That is, the E54A and E54W mutants resulted in production of the 3BC intermediate as well as the GST-3aB intermediate, although the amount of 3BC produced appeared to be slightly less than the amount of GST-3aB ([Fig. 3](#F3){ref-type="fig"}). This obviously indicates that both the E54A and E54W proteases (possibly both in the matured protease form and in the precursor form) are able to cleave both the 3A/3B and 3B/3C sites, suggesting that there is virtually no difference in the way of cleaving these two sites, hence there is no difference in the structures of the precursor and mature forms of the protease.

It was likely that an introduction of positively charged residues (a lysine and an arginine) to position 54 was detrimental for the protease and made the proteins unstable, since the mutant proteins were hardly expressed ([Fig. 2](#F2){ref-type="fig"}B). In contrast, the E54H mutant showed significant protease activity comparable to that of the E54N mutant ([Figs 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}), although an imidazole ring of the His residue was capable of having a positive charge when protonated. This result is not surprising in light of the fact that human cytomegalovirus serine protease possesses a His--His--Ser catalytic triad ([@B17], [@B18]). In the wild-type norovirus 3C-like protease, a deprotonated, negatively charged side chain of Glu54 interacts with an imidazole ring of His30, which makes the enzyme favourable for the catalysis ([@B12], [@B13]). In the E54H mutant, an imidazole ring of His54 might be a neutral, deprotonated form in order to interact with an imidazole ring of His30.

The E54F and E54Y mutants had no activity ([Fig. 2](#F2){ref-type="fig"}), whereas the E54W mutant, which had an even bigger side chain than a phenylalanine residue and a tyrosine residue, unexpectedly showed low but significant protease activity compared to that of the wild type ([Figs 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). This may have been because a pair of electrons on the N atom of an indole ring was successfully located so as to be able to interact with His30. In the same context, a pair of electrons on the S atom of the Met54 residue in the E54M mutant may have contributed to the hydrogen bond with His30.

Taken together, these results indicate that a glutamate residue itself is not required for an amino acid at position 54, and the Glu54 residue can be replaced with hydrogen bond-forming amino acids such as Asp, Gln and Asn, or small amino acids such as Ala, Cys, Gly and Ser, without a significant loss of activity. In the latter mutant group, it is an intriguing possibility that a water molecule may act in the manner of the side chain of a glutamate, although further investigation into this possibility is needed. It is very interesting that the His, Met and Trp mutants showed a significant activity. In these mutants, the residue at position 54 might donate a pair of electrons for an interaction with His30.

Although norovirus 3C-like proteases have a chymotrypsin-like fold ([@B12], [@B13]), they have a cysteine residue, instead of a serine residue, as a nucleophile. Therefore, they are often called serine-like cysteine proteases. This fact easily leads us to consider the possibility that norovirus 3C-like proteases adopt the mechanism of the proteolysis including a thiolate--imidazolium ion-pair, as indicated by studies on papain, a typical cysteine protease ([@B19], [@B20]). It has been suggested that the rhinovirus 2A protease, one of the chymotrypsin-like cysteine proteases, has a thiolate--imidazolium ion-pair as a catalytic component ([@B21]). However, Asp38, a third member of the catalytic triad, of the poliovirus 2A protease, which is closely related to the rhinovirus 2A protease, could be replaced with Glu ([@B22]), but not with Ala ([@B23]). Thus, norovirus 3C-like proteases are more tolerant than picornavirus 2A proteases to the mutations of the third member carboxylate. On the other hand, some reports have contradicted the possibility that the viral 3C and 3C-like proteases involve a thiolate--imidazolium ion-pair catalytic mechanism ([@B24], [@B25]). Further kinetics studies will be needed to determine as to which mechanism of proteolysis is adoped by norovirus 3C-like proteases, a general base catalytic mechanism or a thiolate--imidazolium ion-pair catalytic mechanism. In any case, it should be noted that norovirus 3C-like proteases can afford to accommodate various amino acids at position 54 for exerting the proteolysis.

Effect of the Mutation of Glu54 in the Cys139-to-Ser Mutant Background
----------------------------------------------------------------------

In order to investigate the mechanism of the proteolysis, we thought that it could be a hint to know the effect of the mutation of the active-site nucleophile on the protease activity. Then we attempted a site-saturation mutagenesis of the Glu54 residue in the background of the Cys139-to-Ser mutation, which mimicked a catalytic triad of typical chymotrypsin-like serine proteases.

As shown in [Figs 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}, the C139S single mutant exhibited slightly lower protease activity than the wild-type, and thus could be grouped into category (ii) above. The effects of the Glu54 mutations on the C139S mutant were in contrast to those on the wild-type protease. That is, only the Asp54 and Gln54 mutations supported the proteolysis in the Ser139 background, and the 17 other kinds of mutations did not ([Fig. 4](#F4){ref-type="fig"}). As judged by the amount of the GST-3aB intermediate left behind ([Fig. 4](#F4){ref-type="fig"}B), the activity of the E54Q,C139S mutant was slightly less than that of the E54D,C139S mutant, which in turn was slightly less than that of the parental C139S single mutant, suggesting that a carboxylate was preferable for position 54 in the C139S background. The Gln54 residue would provide a pair of electrons that is able to orient the imidazole ring of His30. In contrast, the E54N,C139S mutant showed no proteolytic activity. This was probably because the asparagine side chain was shorter than the glutamine side chain by a carbon atom, resulting in a failure in the operative interaction with His30. As for the E54D,C139S mutant, the Asp54 residue, although an aspartate has a side chain of a size similar to that of an asparagine, would be able to provide a strong negative charge so as to interact with His30. This kind of amino acid requirement for the third member is similar to that in chymotrypsin, in which the Asn mutant of Asp102 was severely defective in the proteolysis ([@B26]).

![**Effects of the Glu54 mutations on the C139S mutant.** (A) Cell lysate (15 µg of proteins) from *E. coli* cells harboring each of the mutant plasmids was subjected to SDS--PAGE, followed by Coomassie Brilliant Blue staining. The bands corresponding to proteins derived from the expression plasmid are indicated. (B) The GST binding assay was carried out as described in the MATERIALS AND METHODS section.](mvn130f4){#F4}

![**Western blot analysis of the Glu54 mutants with the C139S mutation.** Cell lysate (10 µg of protein) was separated by SDS--PAGE, followed by electroblotting. Proteins were detected by anti-VPg (A) or anti-protease (B) antibodies ([@B15]). Faint bands which are not indicated with arrows were considered non-specific. Both the 3B VPg and 3C-like protease from the C139S, E54D/C139S and E54Q/C139S mutant fusion proteins were clearly detected by the respective antibodies.](mvn130f5){#F5}

We also want to emphasize that the effect of the mutations of Glu54 was quite different between the wild-type and the C139S 3C-like protease. In particular, it was remarkable in the Ala, Cys, Gly and Ser mutations. These mutations were negligible in the wild-type protease, while they were inactivating mutations in the C139S mutant protease. If the Cys139 SH and the Ser139 OH were functionally equivalent during the proteolysis, the effect of the Glu54 mutations would be identical. This was not the case. These experimental results suggest that the Cys139 SH is not functionally equivalent to the Ser139 OH.

The pKa value of the hydroxyl group of a serine is over 10, whereas that of the thiol group of a cysteine is around 8.3. This is why the Cys SH is more ionizable than the Ser OH and is easily deprotonated to be a thiolate. A thiolate is a much better nucleophile than the Ser OH. There is room for argument with regard to the state of the SH group of Cys139 in norovirus 3C-like proteases, but even if the Cys SH is not deprotonated and the thiol is a nucleophile, a proton will be readily withdrawn by His30 upon a nucleophilic attack to a carbonyl carbon of the substrate. It is therefore possible that the proteolysis occurs without a large contribution of an amino acid at position 54 in the wild-type Cys139 background, while in the Ser139 background, the ability for an amino acid at position 54 to interact effectively with His30 is required, so that the residue at position 54 enhances the nucleophilicity of a hydroxyl group of the Ser139 residue.

The In Vitro Assays of the Proteolysis
--------------------------------------

To further characterize the 3C-like protease, the mutant proteases as well as the wild-type were purified as the GST fusion and subjected to assaying the protease activity using the fluorogenic 2C/3A peptide described under the MATERIALS AND METHODS section. Since the 2C/3A junction was rapidly cleaved when the ORF1 polyproteins were produced in mammalian cells ([@B5]), we chose the peptide including the 2C/3A junction for the *in vitro* assay. The wild-type GST-2TK-Pro protein cleaved the 2C/3A peptide effectively, and the *k*~cat~ value of the cleavage by the wild-type protease was 0.63 s^−1^ with the *K*~m~ value of 0.53 mM ([Table 2](#T2){ref-type="table"}). The GST protein derived from the pGEX-2TK vector had no proteolytic activity (data not shown). Therefore, the increase in the fluorescence observed in the assay for the GST-2TK-Pro protein can be attributed to the protease moiety of the fusion. On the other hand, the purified His-tagged 3C-like protease showed only 1% proteolytic activity of the GST-2TK-Pro fusion protein (data not shown). Since at least the GST moiety does not seem to interfere with the protease activity, the GST-2TK-Pro fusion protein was used for *in vitro* assays, and the effects of mutations of Glu54 and Cys139 were analysed.

###### 

The kinetic constants for the proteolysis.

  Protease    *K* ~m~ (mM)   *k* ~cat~ (sec^−1^)           *k* ~cat~/*K*~m~ (sec^−1^mM^−1^)
  ----------- -------------- ----------------------------- ----------------------------------
  Wild-type   0.53 ± 0.37    0.63 ± 0.40                   1.19
  C139S       0.11 ± 0.02    1.7 × 10^−2^ ± 0.3 × 10^−2^   0.15

The rates of the increase in the fluorescence accompanied by the cleavage of the fluorogenic peptides were measured in the presence of various concentrations (5, 10, 20, 40 or 70 µM) of fluorogenic peptide substrates and 2 µM purified proteases. The *K*~m~ and *V*~max~ values (± SE) were calculated from non-linear regression curves. The *k*~cat~ value was calculated from the equation, *V*~max~ = *k*~cat~\[*E*\]~0~, where \[*E*\]~0~ is the total concentration of the protease.

As for the Glu54 single mutants, the E54A, E54D and E54Q mutants from category (i) and the E54I and E54L mutants from category (iv) were chosen because it was expected that the former would show the high activity comparable to that of the wild-type and the latter would have the high activity as the GST fusion that mimicked the precursor form, as judged by the results of [Figs 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}. Among these five Glu54 single mutant proteases, the E54D and E54Q mutant proteases had the highest protease activity, being 20--25% activity of the wild-type protease ([Table 3](#T3){ref-type="table"}). This suggests that the capability of forming a hydrogen bond with His30 is important for the activity. However, we were unable to determine the kinetic constants for these five mutants, even the E54D and E54Q mutants, because the rate of the proteolysis was already saturated at the lowest substrate concentration (5 µM) that was tested and because the activity of mutant proteases tended to be lowered in the higher concentration of the substrate (data not shown). These results indicate that a glutamate is the most appropriate residue at position 54, but clearly several kinds of amino acid residues are permissible at position 54 in order to exert the protease activity.

###### 

The proteolytic activity of the 3C-like proteases.

  Protease     Protease activity (pmol/s)   Relative activity (%)
  ------------ ---------------------------- -----------------------
  Wild-type    5.22 ± 0.32                  100
  E54A         0.45 ± 0.04                  8.6
  E54D         1.23 ± 0.07                  23.6
  E54Q         1.06 ± 0.08                  20.3
  E54I         0.34 ± 0.05                  6.5
  E54L         0.26 ± 0.04                  5.0
  C139S        1.02 ± 0.19                  19.5
  E54D,C139S   0.32 ± 0.06                  6.1
  E54Q,C139S   0.29 ± 0.01                  5.6

The protease activity was measured in the presence of 10 µM fluorogenic peptide substrates and 5 µM purified proteases and expressed as the amount of the cleaved substrate per minute. Data are presented as means ± SE.

On the other hand, the C139S mutant protease retained the moderate level of the proteolytic activity and the kinetic constants could be determined successfully ([Table 2](#T2){ref-type="table"}). Although the *k*~cat~ value for the C139S mutant is about 3% of that for the wild-type, the C139S mutant showed more than 10% activity of the wild-type when the *k*~cat~/*K*~m~ values are used for comparison ([Table 2](#T2){ref-type="table"}). In the presence of 10 µM substrate and 5 µM protease, the C139S mutant showed about 20% activity of the wild-type ([Table 3](#T3){ref-type="table"}), indicating that the C139S mutant retained relatively high proteolytic activity. Addition of the E54D or E54Q mutation to the C139S mutant decreased the activity ([Table 3](#T3){ref-type="table"}), being about 30% of the parental C139S single mutant. The degree of the decrease in the activity was almost the same as the effect of the E54D or E54Q mutation on the wild-type protease. This suggests that the side chain that can form a hydrogen bond with His30 is favourable for position 54 regardless of the nucleophile.

It is notable that other mutations, such as E54A, E54I and E54L affected the proteolytic activity of the wild-type protease and the C139S mutant protease in the completely different manner ([Figs 2 and](#F2){ref-type="fig"}[4](#F4){ref-type="fig"}).

CONCLUSION
==========

The Glu54 residue is not essential for the proteolysis by norovirus 3C-like proteases, but clearly required for the effective proteolysis as indicated by the *in vitro* assays of the proteolysis. Although the mechanism of the proteolysis remains unclear and further *in vitro* analyses would be required, there is an intriguing possibility that norovirus 3C-like proteases adopt the papain-like mechanism involving a thiolate--imidazolium ion pair, despite the fact that they are related structurally to chymotrypsin-like serine proteases. It is also noteworthy that the 3B/3C cleavage appeared to precede the 3A/3B cleavage in the proteolysis, as judged by the cleavage events by the E54I, E54L and E54P mutant fusion proteins. If the cleavage at both the 3A/3B and 3B/3C sites occurs in *trans* (intermolecularly), these two sites are thought to be equivalent against the attack of the 3C-like protease moiety. However, this idea should be denied by the results of the E54I, E54L and E54P mutants. Although these three mutant proteases are active at least in the precursor form, only the GST-3aB intermediate and the 3C-like protease were produced. This indicates that the 3B/3C cleavage event occurs in the manner different from the 3A/3B cleavage event, suggesting the *cis* (intramolecular) event at the 3B/3C site. Released E54I, E54L and E54P mutant 3C-like proteases were inactive probably because the side chain at position 54 sterically hindered the further proteolytic reaction. These results led us to assume that the spatial location of position 54 might vary depending on the 3B/3C cleavage event. The elucidation of the crystal structure of the 3BC intermediate or GST-3aBC fusion protein will be one of the ways of knowing how the 3B/3C site is cleaved by the protease.
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DNP

:   2,4-dinitrophenyl

GST

:   glutathione *S*-transferase
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VPg
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